Abstract: A ground source heat pump (GSHP) system has higher performance than air source heat pump system due to the use of more efficient ground heat source. However, the GSHP system performance depends on ground thermal properties and groundwater conditions. There are many studies on the improvement of GSHP system by developing ground heat exchanger (GHX) and heat exchange method. Several studies have suggested methods to improve heat exchange rate for the development of GHX. However, few real-scale experimental studies have quantitatively analyzed their performance using the same ground conditions. Therefore, the objective of this study was to evaluate the thermal performance of various pipe types of GHX by the thermal response test (TRT) under the same field and test conditions. Four kinds of GHX (HDPE type, HDPE-nano type, spiral fin type, and coaxial type) were constructed in the same site. Inlet and outlet temperatures of GHXs and effective thermal conductivity were measured through the TRT. In addition, the borehole thermal resistance was calculated to comparatively analyze the correlation of the heat exchange performance with each GHX. Result of the TRT revealed that averages effective thermal conductivities of HDPE type, HDPE-nano, spiral fin type, and coaxial type GHX were 2.25 W/m·K, 2.34 W/m·K, 2.55 W/m·K, and 2.16 W/m·K, respectively. In the result, it was found that the average borehole thermal resistance can be an important factor in TRT, but the effect of increased thermal conductivity of pipe material itself was not significant.
Introduction
Ground source heat pump (GSHP) system generally has higher performance than air source heat pump system because more efficient ground heat source can be used. In addition, GSHP system is easy to maintain. Therefore, it is actively being introduced as the heating and cooling equipment for a building. Many projects of commercial and office building have used a few hundred boreholes in South Korea. In the future, the application of large-scale GSHP system will be continuously increased due to policy of Korean government that enforces to utilize renewable energy system. However, GSHP systems have some disadvantages such as additional installation sites and high initial investment 
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In Figure 1 , A and A` are conventional HDPE pipes, B and B` are HDPE pipes using nano-101 particles, C and C` are HDPE pipes using spiral fin, and D and D` are coaxial pipes. The HDPE pipe 102 using nano-particles has about 40% higher pipe thermal conductivity than the conventional HDPE 103 pipe. In additions, the pipe using the spiral fin can improve convective heat transfer coefficient of 104 circulating fluid through spiral fin [2, 14] . 
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For the coaxial type, the outer diameter of the GHX was 0.14 m, and the inner diameter of the GHX 
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The GHX diameter was based on ISO 4427 specification of pipe dimensions [15] . Pipe types (a) and
113
(c) had standard dimension ratio (SDR) of 17 while pipe type (b) had SDR of 11. The difference in 114 inner diameter was 0.001 m. In Table 1 are summarized the main specifications of the boreholes and 115 of the GHXs, among others the pipes thermal conductivity value. In Figure 1 , A and A' are conventional HDPE pipes, B and B' are HDPE pipes using nano-particles, C and C' are HDPE pipes using spiral fin, and D and D' are coaxial pipes. The HDPE pipe using nano-particles has about 40% higher pipe thermal conductivity than the conventional HDPE pipe. In additions, the pipe using the spiral fin can improve convective heat transfer coefficient of circulating fluid through spiral fin [2, 14] . For the coaxial type, the outer diameter of the GHX was 0.14 m, and the inner diameter of the GHX through which the circulating fluid flew inlet and outlet was 0.04 m. The outer diameter of (a) to (c) type was 0.05 m. The inner diameter was 0.0646 m for (a) and (c) type. It was 0.0454 m for (b) type. The GHX diameter was based on ISO 4427 specification of pipe dimensions [15] . Pipe types (a) and (c) had standard dimension ratio (SDR) of 17 while pipe type (b) had SDR of 11. The difference in inner diameter was 0.001 m. In Table 1 are summarized the main specifications of the boreholes and of the GHXs, among others the pipes thermal conductivity value. (spiral fin type), and coaxial pipe. Two GHXs were installed for each type at the same site. In addition,
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GHXs were installed in locations within 10 × 10 m to construct the same underground thermal 95 conditions. Separation distance was set to be 5,000 mm to minimize thermal interference between
96
GHXs. To accurately measure thermal performance of the same type of GHXs, the longest distance 97 was installed diagonally. The arrangement of these GHXs is shown in Figure 1 . 
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In Figure 1 , A and A` are conventional HDPE pipes, B and B` are HDPE pipes using nano-
101
particles, C and C` are HDPE pipes using spiral fin, and D and D` are coaxial pipes. The HDPE pipe 102 using nano-particles has about 40% higher pipe thermal conductivity than the conventional HDPE 103 pipe. In additions, the pipe using the spiral fin can improve convective heat transfer coefficient of 104 circulating fluid through spiral fin [2, 14] . Figure 3 shows schematic diagram of TRT with GHXs and TRT device. The TRT equipment was assembled under the same conditions as the GHX of the GSHP system actually installed. The TRT experiment equipment consisted of an operating part such as heat and circulating pump and control part for measuring temperature and flow rate. A thermocouple was installed on the inlet and outlet pipes to measure the temperature of the fluid heated in the heater and the temperature of the fluid returned from circulation in the pipe. The flowmeter was installed between the heater and the circulating pump to measure the flow rate of the circulating fluid injected into the borehole. The watt-hour meter was installed to measure the power supplied to the heater. Inlet and outlet temperatures of the circulating fluid, flow rate, and power of heater data were collected using data loggers and data acquisition devices. Table 2 shows measurement error of measuring equipment. The measurement uncertainty of each measuring equipment was carried out in Korea laboratory accreditation scheme (KOLAS). 
Assembly Procedure of the TRT
Eight 150-m deep GHXs were constructed in the same experimental site. The installation range of the GHX was 10 × 10 m. Figure 4 shows an overall procedure for assembling and conducting an in situ TRT. The assembly and construction of TRT consisted of nine stages. First, the experimental site of 100 m 2 was constructed on the field area and eight holes were drilled using a drilling-machine. The depth of the borehole was then measured and GHX was inserted into the borehole. After inserting the GHX, borehole was grouted. The grout material was the same for all boreholes and bentonite was used. When the length of the GHX was 150 m or less, pipes were connected by thermal fusion method. After connecting the TRT device and the GHX, the inlet and the outlet of the GHX were insulated to minimize influence of external conditions such as ambient temperature. Through this process, inlet and outlet temperatures of circulating fluid and effective thermal conductivity of each GHX were measured.
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Eight 150-m deep GHXs were constructed in the same experimental site. The installation range
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of the GHX was 10 × 10 m. Figure 4 shows an overall procedure for assembling and conducting an in 137 situ TRT. The assembly and construction of TRT consisted of nine stages. First, the experimental site 138 of 100 m 2 was constructed on the field area and eight holes were drilled using a drilling-machine. The 139 depth of the borehole was then measured and GHX was inserted into the borehole. After inserting 140 the GHX, borehole was grouted. The grout material was the same for all boreholes and bentonite was 141 used. When the length of the GHX was 150 m or less, pipes were connected by thermal fusion method.
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After connecting the TRT device and the GHX, the inlet and the outlet of the GHX were insulated to 
Thermal Response Test
Standards of Thermal Response Test
In the design of vertical GSHP systems, it is critical to have accurate and detailed geological field investigation of ground and rock thermal properties [16] . Thermal properties can be evaluated by installing TRT equipment in the same borehole as planned for the GSHP system. In order to improve the accuracy of thermal properties data measured in the field, test specifications such as measurement method, analysis time, heat rate, and error were specified. At the American society of heating, refrigerating and air-conditioning engineers (ASHRAE), the test is performed for 36 to 48 h and the heat rate is recommended to be 50 to 80 W/m so that, peak load is expected in the GHX for an actual GSHP system [17] . Additionally, the accuracy of temperature measurement and collecting apparatus is specified to be 0.3 K with a standard deviation of input power of less than 1.5%. For TRT, a waiting period of five days is suggested for low-conductivity ground and grout material filled after the borehole while a delay period of three days is recommended for higher-conductivity.
On the other hand, the Korea energy agency (KEA) proposes TRT measurement standards for vertical GSHP systems [18] . It recommends that the heater should be continuously measured for 48 h after the power is on and measurement data should be collected with intervals of at least 10 min. It also recommends that the test should be conducted 72 h after completion of bentonite grouting and 14 days after cement grouting. It suggests that data for the initial 12 h should be excluded from calculation. Heat rate, measured temperature, and error of input power are specified as same as test specification recommended by ASHRAE.
Thermal Response Test Theory
Thermal properties of the underground are very important factors in the design of the GSHP system. Therefore, it is necessary to accurately measure underground thermal properties locally where the system is installed. The main output value of the response test includes the effective thermal conductivity and borehole thermal resistance. For measurement of GHX types, grout material, and groundwater flow effects are also important [19] [20] [21] . Heat transfer problem between the borehole and underground in the response test was evaluated based on the Kelvin line-source theory. This theory can approximate the borehole and the GHX with a single linear heat source for TRT verification. It is commonly adopted because it is a simple and convenient analysis. Ingersoll and Plass [22] have applied line source model for closed-loop GHX buried in the underground. Mogensen [23] has developed a model to estimate thermal conductivity and borehole thermal resistance of underground from field test and further suggested the concept of initial ignoring time (IIT) of TRT results.
The equation for temperature area as a function of time (t) and radius (r) around a line source model with constant heat injection rate (Q) can be utilized as an approach value of heat injection from the GHX
The exponential integral (E 1 ) can be approximated by the following simple relationship for large value of the parameter αt/r 2
where α is thermal diffusivity and γ is Euler's constant (γ = 0.5772 . . .). The fluid temperature considers heat transfer between the borehole and the fluid. Heat flux depends on thermal conductivity, heat capacity, and ground thermal diffusivity. It also adds thermal resistance (R b ) effect between the fluid within the GHX and the borehole wall surface. Thus, a time-dependent fluid temperature equation can be described as
The only variable in Equation (3) is ln t. It can be expressed as follows by transforming constant ln t in a general linear equation.
Therefore, it is possible to obtain a linear equation by measuring borehole fluid temperature over time, and plotting the fluid temperature and the ln t relation on coordinates. Calculating slope (m) of Equation (4), the thermal conductivity (k) can be determined.
Thermal conductivity (k) can be expressed by using slope (m) calculated in Equation (4), length of the borehole (L b ), and heat energy (Q).
Results of Thermal Response Test
Temperature
In this study, TRT was conducted in the experimental site to evaluate thermal performance of the GHX according to pipe type. The TRT was a verification field test that evaluates thermal performance of the GHX by using temperature change of circulating fluid inside the pipe when constant heat was supplied to the borehole during the test time [24, 25] .
In this study, in order to accurately measure underground effective thermal conductivity, only the circulation pump was operated before the test. The fluid was circulated inside the GHX to remove foreign substance and air inside the pipe. When the temperature of the ground and rock reached a steady state by continuously circulating fluid for a certain period of time, inlet and outlet temperature of the circulating fluid, flow rate, and power of the heater were measured. Table 3 shows experimental conditions of the TRT. The TRT measurement time was set to be 2880 min (48 h) for each GHX and the measurement time step was 1 min. Circulating fluid inside the borehole was water. The average flow rate of the circulating fluid was maintained at 33.6 l/min. The average initial temperature of ground and rock was 15.8 • C. The amount of heat to be injected into the borehole differed slightly for each GHX. The average amount of heat injection was 9342 W. Figure 5 shows changes in inlet and outlet temperatures during the TRT. The circulating fluid temperature inside the GHX showed a rapid slope at the beginning of heat injection. Thus, at the beginning of the TRT, thermal diffusion was performed only in the GHX because the injected heat was utilized to heat the circulating fluid [26, 27] . As time went by, temperature of the circulating fluid in the GHX gradually decreased. Physical properties of the ground affected the heat transfer performance as thermal diffusion proceeded from the GHX to the underground. When heat from the GHX was transferred to the ground and heat transfer almost reached equilibrium, the circulating fluid exhibited a constant rate of rise.
The initial temperature increase of the circulating fluid was different according to the type of GHX. However, in all cases, inlet and outlet temperature gradients of the circulating fluid were slightly different after 500 min. Especially, Case 7 (Coaxial type A) and Case 8 (Coaxial type A ) were relatively low initial temperature rate of rise compared to other cases. Thus, Case 7 and Case 8 indicated better thermal diffusion into the underground than other cases. 216 Table 3 shows experimental conditions of the TRT. The TRT measurement time was set to be 
Fluid Type
Water Average Flow Rate 33.6 l/min Average Initial Ground Temp. 15.8 °C Average Amount of Heat Injection 9342 W 212 Energies
Effective Thermal Conductivity
The accuracy of the TRT is important because inlet and outlet temperatures measured at the beginning of the test reflect thermal response of the borehole inside [28] . Major errors such as inlet and outlet temperatures of circulating fluid and power of the heater in the field TRT occurred within the initial 12 h after the start of measurement. To ensure the reliability of measurement data, it is recommended to set the test measurement interval to be within 10 min and exclude the initial 12 h after the start of the test from analysis results [18, 29, 30] . Figure 6 shows the slope of natural logarithm verse outlet temperature for TRT. In this study, TRT measurement results excluding initial 12 h of data were based on the standard of the TRT in South Korea. Thus, effective thermal conductivity data from 36 to 48 h was used. Slope of effective thermal conductivity of HDPE types (i.e., Case 1 and Case 2) were 2.2481 and 2.1742, respectively. Average slopes of HDPE-nano types (i.e., Case 3 and Case 4) and spiral fin types (i.e., Case 5 and Case 6) were 2.1168 and 1.9437, respectively. Average slope of the coaxial type (i.e., Case 7 and Case 8) was 2.2913. Based on the slope calculation, the effective thermal conductivity can be determined according to Equation (5) On the other hand, the HDPE-nano type and spiral fin type had higher effective thermal conductivity than the HDPE type of GHX, with average effective thermal conductivity calculated to be 2.34 W/m·K and 2.55 W/m·K, respectively. These average effective thermal conductivities were 3.9% and 13.2% higher, respectively, than that of HDPE type of GHX. The HDEP-nano type has higher pipe thermal conductivity than the conventional HDPE type. It can reduce borehole thermal resistance. Thus, its effective thermal conductivity is improved. For the spiral fin type, convective heat transfer coefficient of the circulating fluid is increased through the fin inside the GHX. Thus, its effective thermal conductivity is improved.
The initial temperature increase of the circulating fluid was different according to the type of 231 
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TRT measurement results excluding initial 12 hours of data were based on the standard of the TRT 
Temperature and Effective Thermal Conductivity
272
In this study, the same underground conditions and experimental conditions were taken into 273 consideration. Inlet and outlet temperature changes of the circulating fluid and effective thermal 274 conductivity according to the type of GHX were then measured.
275 Figure 6 . Results of TRT for trend line according to line slope and outlet temperature.
Discussion of Thermal Response Test
Temperature and Effective Thermal Conductivity
In this study, the same underground conditions and experimental conditions were taken into consideration. Inlet and outlet temperature changes of the circulating fluid and effective thermal conductivity according to the type of GHX were then measured. Figure 7 shows average inlet and outlet temperatures according to GHX type. In case of the coaxial type (i.e., Case 7 and Case 8), the average inlet and outlet temperature difference of the circulating fluid was 276.91K (3.76 • C). For the HDPE type (i.e., Case 1 and Case 2), it was 277.12K (3.97 • C). The average inlet and outlet temperature difference of circulating fluid of the HDPE-nano type (i.e., Case 3 and Case 4) and the spiral fin type (i.e., Case 5 and Case 6) was both 277.15 K (4.0 • C). The HDPE-nano type and the spiral fin type had higher inlet and outlet temperature difference than the HDPE type, but the outlet temperature decrease in the coaxial type is higher than in the others GHX type. 298 Figure 7 . Average inlet and outlet temperatures according to type of GHX.
The coaxial type had poorer thermal performance than other types of GHXs. However, it is difficult to accurately analyze the cause of such difference in thermal performance depending on the type of GHX based on results of TRT such as inlet and outlet temperatures of the circulating fluid and effective thermal conductivity. To understand the difference of thermal performance in detail, Section 5.2 describes the effect of borehole thermal resistance on the type of GHX. Figure 8 shows effective thermal conductivity according to type of GHXs. Average effective thermal conductivities for HDPE, HDPE-nano, spiral fin, and coaxial types of GHXs were 2.25 W/m·K, 2.34 W/m·K, 2.55 W/m·K, and 2.16 W/m·K, respectively. The HDEP-nano type and spiral fin type showed 3.9% and 13.2% higher average effective thermal conductivity than the conventional HDPE type, respectively. On the other hand, the coaxial type had lower average effective thermal conductivity than the HDPE type by 4.1%. 
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The coaxial type had poorer thermal performance than other types of GHXs. However, it is 288 Figure 8 . Effective thermal conductivity according to type of GHX.
Borehole Thermal Resistance
In vertical GSHP system design, borehole thermal resistance is a very important factor. Borehole thermal resistance is determined by characteristics of the grout material, the circulating fluid, and the pipe. It has a great influence on the thermal performance of GHX. Therefore, in this study, borehole thermal resistance calculation was performed to analyze inlet and outlet temperatures and effective thermal conductivity of circulating fluid according to the type of GHX. Equations (6) to (11) were used to calculate borehole thermal resistance.
Equation (6) can be indicated as Equation (3) for borehole thermal resistance (R b ).
Borehole thermal resistance (R b ) in Equation (6) can be written as in Equation (7) which includes grout thermal resistance (R g ), circulating fluid thermal resistance (R f ), and pipe thermal resistance (R p ) [31, 32] .
Grout thermal resistance (R g ) can be calculated using borehole resistance shape factors (β 0 , β 1 ) developed by Remmund, borehole diameter (d b ), pipe inner diameter (d o ), and grout thermal conductivity (k g ) [33] .
The borehole resistance shape factor for U-tube locations in vertical borehole was determined by borehole shape and U-tube location [33] . In case of HDPE type, HDPE-nano type, and spiral fin type, borehole resistance shape factors were determined using borehole configuration B in Figure 9 . However, in case of the coaxial type, grout thermal resistance (R g ) for the concentric arrangement was calculated using Equation (9) proposed by Kavanaugh [34] .
Energies 2018, 11, x FOR PEER REVIEW 13 of 16 337 Figure 9 . Borehole thermal resistance according to type of GHX. The thermal resistance due to circulating fluid in the GHX was calculated using Equation (10) . It can be written using pipe inner diameter (d i ), and convective heat transfer coefficient (h f ) of the circulating fluid.
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The circulating fluid thermal resistance has relatively lower effect on borehole thermal resistance than pipe thermal resistance and grout thermal resistance. However, the circulating fluid thermal resistance is calculated differently according to the type of the GHX. Thus, it was considered for accurate results. On the other hand, pipe thermal resistance using a single U-tube is described in Equation (11) . It can be calculated using pipe outer diameter (d o ), pipe inner diameter (d i ), and pipe thermal conductivity (k p ). Figure 9 shows borehole thermal resistance according to type of GHX. Average borehole thermal resistances for HDPE, HDPE-nano, spiral fin, and coaxial types of GHXs were 0.1829 m·K/W, 0.1810 m·K/W, 0.1808 m·K/W, and 0.3059 m·K/W, respectively. Borehole thermal resistances of Case 7 and Case 8 (coaxial type) were the highest. The coaxial type (i.e., Case 7 and Case 8) showed increased of average borehole thermal resistance by 67.3% compared to the HDPE type (Case 1 and Case 2) On the other hand, the average borehole thermal resistance of the HDPE-nano type (Case 3 and Case 4) was 1.02% lower than that of the HDPE type (i.e., Case 1 and Case 2). The average borehole thermal resistance of the spiral fin type (i.e., Case 7 and Case 8) was 1.13% lower than that of the HDPE type (Case 3 and Case 4). In Table 4 are summarized the thermal resistance value such as grout, fluid, pipe, and borehole for all of GHXs types. The coaxial type had lower grout thermal resistance than other types of GHXs. However, because its pipe outer diameter was large and its pipe inner diameter was small, its pipe thermal resistance and thermal resistance of the circulating fluid were calculated to be higher than those of other cases. Meanwhile, the borehole thermal resistance of HDPE-nano type and spiral fin type showed similar values. The HDPE-nano type was able to reduce pipe thermal resistance compared to conventional HDPE type through its improved thermal conductivity of the pipe material, but its effect was not significant. In addition, the spiral fin type was confirmed to have little thermal resistance to the circulating fluid due to its improved convective heat transfer coefficient of fluid. The results confirmed that the borehole thermal resistance was decreased when thermal conductivity of the GHX and convective heat transfer coefficient of circulating fluid inside the GHX present the highest values. These results also confirmed that borehole thermal resistance could vary depending on the type of GHX, thus affecting results of TRT.
Conclusions
In this study, thermal performances of various types of vertical GHX were evaluated in the field with the same field conditions. Four types of GHX were constructed in the same field. Inlet and outlet temperatures of the circulating fluid and effective thermal conductivity were calculated through TRT. In addition, borehole thermal resistance was calculated to comparatively analyze the correlation of thermal performance with each GHX. Results of this study are summarized as follows.
(1) Average effective thermal conductivities of the HDPE-nano type and spiral fin type were 3.9% and 13.2% higher than the HDPE type, respectively. On the other hand, average effective thermal conductivity of the coaxial type was lower than that of the HDPE type by 4.1%. These results indicate that improvement of convective heat transfer coefficient of circulating fluid and the pipe thermal conductivity can affect the effective thermal conductivity.
(2) Borehole thermal resistance was calculated to be the highest at 0.3059 m·K/W with the coaxial type. This is because its pipe outer diameter is increased and its inner diameter is decreased. Thus, pipe thermal resistance and thermal resistance of the circulating fluid are increased.
(3) Borehole thermal resistances of the HDPE-nano type and the spiral fin type were decreased by 1.02% and 1.13%, respectively, compared to that of the conventional HDPE type. This is because pipe thermal resistance and fluid thermal resistance are reduced. This result confirms that borehole thermal resistance varies depending on the type of GHX, thus affecting results of TRT. In the result, it was found that the average borehole thermal resistance can be important factor in TRT but the effect of increased thermal conductivity of pipe material itself was not significant.
In the future, we will build a geothermal heat pump system using HDPE type and spiral type to perform system performance analysis considering load pattern of actual building. 
